The obligate biotrophic rust fungus Melampsora larici-populina is the most devastating and widespread pathogen of poplars. Studies over recent years have identified various small secreted proteins (SSP) from plant biotrophic filamentous pathogens and have highlighted their role as effectors in host-pathogen interactions. The recent analysis of the M. larici-populina genome sequence has revealed the presence of 1,184 SSP-encoding genes in this rust fungus. In the present study, the expression and evolutionary dynamics of these SSP were investigated to pinpoint the arsenal of putative effectors that could be involved in the interaction between the rust fungus and poplar. Similarity with effectors previously described in Melampsora spp., richness in cysteines, and organization in large families were extensively detailed and discussed. Positive selection analyses conducted over clusters of paralogous genes revealed fast-evolving candidate effectors. Transcript profiling of selected M. laricipopulina SSP showed a timely coordinated expression during leaf infection, and the accumulation of four candidate effectors in distinct rust infection structures was demonstrated by immunolocalization. This integrated and multifaceted approach helps to prioritize candidate effector genes for functional studies.
Worldwide, Melampsora spp. (Basidiomycota, Pucciniales) are the most devastating pathogens of poplars (Steenackers et al. 1996) , and Melampsora larici-populina is a major threat in European poplar plantations (Pinon and Frey 2005) . Like many other rust fungi, M. larici-populina has a complex life cycle which includes five different spore types and requires two phylogenetically distinct host plants; here, Populus and Larix spp. It is also an emerging model organism in forest pathology because this is one of the first rust fungi to have its genome sequenced, and one of the rare pathosystems for which both host and pathogen genomes are available (Duplessis et al. 2009; Feau et al. 2007; Hacquard et al. 2011a ). Moreover, M. laricipopulina is also a close relative of Melampsora lini, the causal agent of flax rust, which is often considered to be the model rust species. After genetic studies demonstrating that single pairs of allelic genes determine the avirulence or virulence phenotype on host lines with particular resistance genes (i.e., the "gene-forgene" hypothesis) (Flor 1955) , avirulence factors were identified in M. lini and their direct interaction with flax resistance (R) proteins was demonstrated (Ravensdale et al. 2011) .
In order to manipulate host defenses and enable parasitic colonization, many prokaryotic and eukaryotic biotrophic plant pathogens have evolved highly advanced strategies to deliver suites of effector proteins into host cells during infection (Dodds and Rathjen 2010) . In turn, their hosts have evolved diverse families of R proteins, which confer resistance via effector-triggered immunity (ETI) after recognition of specific effector proteins, dubbed avirulence (Avr) proteins Jones and Dangl 2006) . Unlike the extensively characterized bacterial type III secretion system (Zhou and Chai 2008) , little is known about the cellular machineries responsible for translocation of filamentous pathogen effectors into host cells. However, recent studies demonstrated that some small regions within the N-terminal part of oomycete and fungal effectors are required for translocation into host cells in a pathogen-independent manner, suggesting that a host-encoded process is responsible for effector internalization (Kale et al. 2010; Rafiqi et al. 2010) . The exact function of conserved N-terminal host cell entry motifs such as RXLR in oomycetes, as well as their presence in fungal effectors, remains unclear and needs to be clarified Rafiqi et al. 2010; Yaeno et al. 2011) . Many biotrophic fungi and oomycetes are known to share a common infection process involving the formation of haustoria, which invaginate and engage intimate contact with the plasma membrane of host cells ). Haustoria have been studied for their role in nutrient acquisition and metabolism (Voegele and Mendgen 2003; Voegele et al. 2009 ), and there is now evidence to suggest that these structures play crucial roles in the delivery of virulence effectors Dodds et al. 2009; Panstruga and Dodds 2009 ).
The rapid increase in the number of sequenced fungal and oomycete genomes offers the opportunity to predict the whole complement of secreted proteins (i.e., secretomes). Most secreted proteins expressed specifically in planta are candidate effectors, and there is an expanding effort to define their roles in virulence ). The genome sequence of the biotrophic fungus Ustilago maydis has revealed the presence of a large set of lineage-specific secreted effectors arranged in clusters (Kämper et al. 2006) . Interestingly, most of these appear to be upregulated during biotrophic development, and some disruptive mutants were significantly altered in virulence (Brefort et al. 2009; Doehlemann et al. 2009; Kämper et al. 2006) . In oomycetes, comparison of three Phytophthora genomes showed rapid turnover and extensive expansion of specific families of genes encoding secreted effector proteins Raffaele et al. 2010; Tyler et al. 2006) . Many of these genes, including the host-translocated RXLRcontaining proteins, were shown to be induced during infection and encode proteins with activities predicted to alter host physiology (Baxter et al. 2010; Morgan and Kamoun 2007) . Although most plant R proteins and downstream signaling pathways share a conserved nature, the array of structures and functions of effector proteins is highly diverse, preventing ab initio identification from sequence and expression data information alone ). In many cases, the only recognizable features are the presence of an N-terminal signal sequence for secretion through the endomembrane pathway and an even number of cysteine residues that may be involved in the formation of disulfide bonds. Effectors frequently have novel sequences and no obvious homologues in more remotely related species (Göhre and Robatzek 2008; Rep 2005) , although some, especially among Cys-rich proteins of Cladosporium fulvum, are true exceptions to this rule (Bolton et al. 2008; de Jonge et al. 2010; Stergiopoulos et al. 2010) . Moreover, consistent with the model of a coevolutionary arms race between actors of the plant immune system and effectors from these pathogens, nucleotide sequences coding for many of these secreted proteins exhibit accelerated evolutionary rates (Brunner et al. 2009; Dodds et al. 2006; Guttman et al. 2006; Win et al. 2007) . Another singular-but not exclusive-feature of secreted effector proteins described in fungal plant pathogens is their low molecular weight (Stergiopoulos and de Wit 2009) .
The whole-genome draft sequence of M. larici-populina 98AG31 consists of 101.1 megabases encoding 16,399 predicted proteins, among which a total of 1,184 small secreted proteins (SSP) (<300 amino acids) was identified . Although most of the SSP-encoding genes are lineage specific (84%), several present homologies with effectors previously described in the Pucciniales order. Strikingly, 63% of the SSP have more than four Cys residues, including the most expanded SSP-encoding gene family of 111 members . This large family harbors a conserved YXC motif similar to a motif identified in secreted proteins of the powdery mildew Blumeria graminis f. sp. hordei and in rust fungi belonging to the genus Puccinia Spanu et al. 2010) .
In this study, complementary to the M. larici-populina genome analysis , we report the detailed annotation and genome-wide analysis of M. larici-populina SSP-encoding genes. Features such as homology with known effectors, amino acid content, and organization into multigene families are scrutinized. By unraveling the expression and evolutionary dynamics of SSP, fungal genes specifically expressed in planta and exhibiting the hallmarks of positive selection due to coevolutionary arms races with host factors are identified. Moreover, immunolocalization of selected SSP suggests specificity of secretion from different fungal cell types in planta.
RESULTS

M. larici-populina homologues of rust effectors.
Of the 22 effectors previously described in rust fungi Dodds et al. 2004; Kemen et al. 2005) , 20 were identified in M. larici-populina . Of these 20 effectors, 12 belong to multigenic families, representing a total of 63 homologues of conserved rust effectors in M. larici-populina (Table 1) . In all, 8 and 13 divergent homologues of M. lini AvrM and M. lini AvrP4, respectively, were detected. Six of the AvrM paralogs were found to reside in three tandem pairs, with intergenic regions showing similarity to Pfam domains associated with transposable elements (Supplementary Fig. S1 ). A phylogenetic tree incorporating AvrP4 sequences from multiple Melampsora spp. ) illustrates the high sequence divergence of M. laricipopulina AvrP4 homologues, which lay together in a supported clade (Fig. 1 ). This suggests duplication and diversification from a unique ancestor of AvrP4 toward the multigenic family herein presented. As described by Van der Merwe and associates (2009) , amino acids at the C-terminal end were highly variable apart from the six Cys residues spaced according to the consensus of a cystine-knot, a structure also found in Avr9 from C. fulvum (van den Hooven et al. 2001) , as well as in toxic and inhibitory polypeptides (Pallaghy et al. 1994) . In contrast, only one homologue of M. lini AvrP123 and one homologue of M. lini AvrL567 were identified in the genome of M. larici-populina. Strikingly, the 26-to 50-amino acid region containing the translocation signal RFYR identified in M. lini AvrL567 (Rafiqi et al. 2010) is not conserved in the M. larici-populina homologue. However, the deduced M. larici-populina AvrL567 homologue protein threads onto the M. lini AvrL567 structure (Wang et al. 2007) , indicating that the two proteins might share common structural features ( Supplementary Fig. S2 ). In contrast with the strong diversifying selection reported for the M. lini AvrL567 loci (Dodds et al. 2004 , a low level of polymorphism as well as an absence of diversifying selection were observed between the six allelic variants identified from 32 M. laricipopulina isolates ( Supplementary Fig. S3 ). Moreover, no correlation could be established between allelic variants and avirulence phenotypes on a differential set of poplar cultivars with characterized resistance genes (Pinon and Frey 2005) . Of the three homologues of the Uromyces fabae rust transferred protein (RTP1) identified in M. larici-populina , the N-terminal region of one RTP1 homologue was identical to the haustorially expressed secreted protein (HESP) HESP-327 from M. lini (Table 1) , which is consistent with the conserved Cterminal region and the more diverse N-terminal region previously reported for RTP1 in other rust fungi (Fernandez et al. 2012; Kemen et al. 2005; Puthoff et al 2008) . In silico localization analyses suggested that only the HESP327/RTP1 protein contains a predicted nuclear localization signal. A large proportion of the 63 genes encoding conserved rust effectors were expressed during plant infection (30 genes) compared with urediniospores (10 genes) ( Table 1) .
Cys-rich proteins dominate the secretome of M. larici-populina.
Of the 1,184 SSP identified in M. larici-populina, 746 had a number of Cys residues greater than four (Duplessis et al. 2011a). Among those, 228 SSP showed a conserved exon and intron structure and a characteristic spacing of Cys residues, as previously reported by Duplessis and associates (2011a) for the largest M. larici-populina SSP-encoding gene family. Based on sequence homology, these 228 SSP were grouped into 28 classes (Table 2; Supplementary Table S1 ). Of those 228 Cys-rich SSP-encoding genes, 99 lay in close vicinity to another member or putative pseudogene of the same class (no more than five genes apart), indicating that they might have arisen by tandem duplication. Apart from classes VI and XIV, which contained the M. lini HESP-C49 and HESP-897 homologues, respectively, only one more class had homology to Puccinia graminis f. sp. tritici. Although significant variability was observed with respect to spacing and number of Cys residues within the 28 classes, most of those SSP-encoding genes shared a general structure of five exons, with the first full codon of exons 2, 4, and 5 encoding a Cys residue, as previously reported for the largest M. larici-populina SSP-encoding gene family . By comparing the conservation profile from the eight largest classes of Cys-rich SSP, specific protein positions were found to be enriched in particular amino acid residues across classes ( Fig. 2) . In many cases, Tyr residues were found before conserved Cys number 3 and 8 (YXC) and after conserved Cys number 6 (CX 2-3 Y). In order to assess the importance of these Cys and their surrounding residues, two types of sequence randomization tests were used to verify the significance of the YXC and CX 2-3 Y motifs. First, the observed location and frequency of the YXC and CX 2-3 Y motifs in the real SSP sequences were compared with randomly shuffled sequences. By plotting all motif locations (excluding the signal peptide) in each class compared with the random data set, both YXC and CX 2-3 Y motifs showed strong position preferences ( Fig. 2 ; Supplementary Fig. S4 ). Furthermore, the observed frequency of YXC and CX 2-3 Y motifs in the true SSP classes I, II, III, and XXIV was significantly higher than in the random data set (P value < 0.01). In a second test, hidden Markov models (HMM) scores confirmed positional constraints on the YXC and CX 2-3 Y motifs and their surrounding sequences in classes I, II, III, and XXIV (discussed below) ( Supplementary Fig. S5 ).
Positive selection in candidate effector genes.
Homology searches were used to refine the sequence clustering of SSP paralogous families and classify them into clusters of paralogous genes (CPG). We identified a subset of 95 CPG comprising 536 sequences (509 true SSP and 27 larger secreted proteins ranging from 301 to 942 amino acids) that contained three to 39 genes that could be investigated by positive selection analysis (codeml program of the PAML package) (Yang 2007) . Eighteen CPG containing a total of 185 genes showed robust evidence of diversifying selection at P < 0.05 in both codon sub- ) (solid lines) is present in both the N and C termini (i.e., at the third and eighth conserved Cys, respectively) in six and seven of the eight classes, respectively. Another motif, CX 2-3 Y (dashed lines), is present in the central part of the protein (i.e., at the sixth conserved Cys) in seven of the eight classes. Conservation profiles were generated with WebLogo. The number of proteins in each class is given in parentheses. Conservation profile of class I as in Duplessis and associates (2011a) . B, Schematic representation of conserved gene structure in M. larici-populina Cys-rich classes. The position of conserved Cys residues is shown, together with the position of Tyr residues found in shared motifs. Introns are represented as "V"s. stitution model M2 versus M1 and M8 versus M7 tests, as well as in the M8 versus M8A stringent test of selection (Table 3;  Supplementary Table S2) . Parameter estimates for each positively selected cluster are shown in Supplementary Table S3 .
One of these positively selected CPG shows homology to P. graminis f. sp. tritici (CPG462-1) and one is composed of M. lini AvrP4 homologues (CPG5464). In addition to the AvrP4 homologues, five other CPG encode very small (<100 amino acids) Cys-rich proteins (CPG510-1, CPG510-2, CPG2811, CPG4890, and CPGH1). Most genes included in the latter families present a conserved LXRR motif (CPG510-1 and CPG510-2) or a region rich in positively charged residues (Arg and Lys) shortly followed by a region rich in acidic residues (Asp and Glu), reminiscent of the RXLR-EER motif from oomycete effectors ( Fig. 3; Supplementary Fig. S6 ). Most genes encoding very small proteins from the CPG under positive selection were absent from the ab initio gene prediction of the M. laricipopulina genome (72 of 88), exemplifying the importance of expert annotation beyond automated gene prediction. In most of the small Cys-rich secreted proteins with evidence of positive selection, the Cys residues are conserved and the Bayes Empirical Bayes inference of positively selected amino acid sites revealed that codons with highly significant  values were concentrated in the C-terminal region (Fig. 3 ).
M. larici-populina candidate effector genes display coordinated expression profiles.
A large proportion of SSP-encoding genes (857 of 1,184) were supported by expressed sequence tags (EST) (Joly et al. 2010 ; E. Tisserant and S. Duplessis, unpublished) or identified as expressed during plant infection using whole-genome oligoarrays . In order to monitor expression profiles of candidate effectors, 34 SSP-encoding genes displaying homology with previously described rust effectors (Table 1) , elevated evolution rates ( Fig. 3; Table 3 ), or contrasted expression levels during plant infection using oligoarrays and EST sequencing were selected for reverse-transcription quantitative polymerase chain reaction (RT-qPCR) analysis (Supplementary  Table S4 ). Coordinated temporal patterns of SSP transcript expression were observed during poplar leaf infection ( Fig. 4;  Supplementary Fig. S7 ). Four selected SSP-encoding genes, including two RTP1 and one AvrP4 homologues (protein ID numbers 123932, 123523, and 124272), showed a biphasic expression profile in spores and at late stages of leaf infection (Fig. 4A) . Strikingly, four of the eight SSP-encoding genes showing transcript accumulation between 2 and 6 h postinoculation (hpi) (Fig. 4B) encode CFEM (common in the fungal extracellular membrane) domain proteins (protein ID numbers 72734, 114961, 73660, and 58459), including a homologue of M. lini HESP-178, suggestive of a possible role at early stages of rust development such as during germ-tube elongation or appressorium formation. Additionally, two genes identified as evolving under positive selection and belonging to CPG class II and CPG1252 (protein ID numbers 123873 and 67604) were both preferentially induced at the fungal penetration stage (6 to 12 hpi). Between 12 and 24 hpi, fungal development is marked by the formation of the first haustoria (Laurans and Pilate 1999) . From this point, several SSP transcripts showed a strong and specific expression associated with biotrophic growth (Fig. 4C) . Expression peaks concordant with both early haustoria formation (12 hpi) and sporulation (168 hpi) were detected for a gene encoding an M. larici-populina-specific SSP of 15 kDa (protein ID number 123227). The third Mlp-RTP1 homologue (protein ID number 123524) showed a distinct expression profile compared with its two other relatives in the Mlp-RTP1 gene family, marked by transcript accumulation concomitant with haustoria formation. Numerous candidate effectors preferentially expressed after the differentiation of the first haustoria appeared to be lineage specific or showed homology with characterized avirulence genes (protein ID numbers 37347, 124266, 124256, and 124530) . Interestingly, candidate effectors belonging to the fast-evolving CPGH1 (Fig. 3) were also specifically detected in planta after haustoria formation (protein ID numbers 124518, 124499, and 124497).
M. larici-populina candidate effectors localize to infection structures.
Visualization of in planta rust structures was achieved in infected poplar leaves using propidium iodide and Uvitex labeling (Fig. 5) . Many infection hyphae and haustoria were observed inside both spongy and palisade mesophyll at 96 hpi during the biotrophic growth phase. The fungal terminal cells differentiated to form haustorial mother cells and developed haustorial necks inside host cells, where the haustorial body extended from the neck and invaginated the plant cell plasmalemma (Fig. 5A) . At a later stage of rust infection (i.e., 168 hpi), changes in fungal development were observed with aggregates of sporogenous hyphae and newly formed dikaryotic urediniospores (Fig. 5B) . A late time frame of poplar leaf infection (120 to 168 hpi) was chosen for immunological detection of SSP to ensure the presence of important fungal biomass and a diversity of fungal cell types (i.e., infection hyphae, haustorial mother cells, haustoria, sporogenous hyphae, and newly formed urediniospores). M. larici-populina candidate effectors MlpAvrL567, Mlp-RTP1sc31 (located on scaffold 31), Mlp-HESP-327/RTP1, and Mlp-SSP15 (protein ID numbers 37347, 123523, 123932, and 123227, respectively) were assayed for localization in infected poplar leaves by immunofluorescence microscopy and revealed distinct labeling patterns (Fig. 5) . Strong labeling of Mlp-RTP1sc31 was observed at the periphery of infection hyphae colonizing the plant mesophyll ( Fig. 5C  and 5D ; Supplementary Fig. S8 ) whereas no labeling was observed for haustoria or other fungal structures. In contrast, the Mlp-HESP-327/RTP1 fusion protein was immunolocalized at the periphery of haustoria (Fig. 5E ) and infection hyphae ( Fig.  5F; Supplementary Fig. S9 ). Specific labeling of Mlp-AvrL567 was detected at the periphery of haustoria ( Fig. 5G and H) . This SSP likely resides in the extrahaustorial matrix and was also detected around the haustorial neck (Fig. 5H ) whereas no fluorescence was detected in haustorial mother cells, infection and sporogenous hyphae, or newly formed urediniospores, indicating a localization restricted to haustoria. Moreover, Mlp-AvrL567 was also detected at the periphery of haustoria at 48 hpi ( Supplementary Fig. S10 ), which correlates with the peak of transcript expression observed by RT-qPCR (Fig. 4) . As observed for the Mlp-HESP-327/RTP1 fusion protein, Mlp-SSP15 can localize in multiple rust cell types. Mlp-SSP15 Fig. 5 . Localization of Melampsora larici-populina candidate effectors during poplar leaf infection. A and B, Confocal laser-scanning microscopy images showing in planta fungal structures using Uvitex 2B (green) and propidium iodide (red) to label fungal-plant cell wall and fungal cells, respectively. A, Infection hyphae and haustoria colonizing mesophyll at 96 h postinoculation (hpi) and B, uredinium formed after 168 hpi. C to J, Immunofluorescence localization of rust candidate effectors at late stage of rust infection. Merged-immunofluorescence and phase contrast images are presented. C and D, Immunolabeling of Mlp-RTP1sc31 around infection hyphae at 120 hpi; E and F, labeling of Mlp-HESP-327/RTP1 around haustoria and infection hyphae at 120 hpi; G and H, Mlp-AvrL567 labeling around haustoria at 168 hpi; I and J, immunolabeling of Mlp-SSP15 in sporogenous hyphae and around haustoria at 168 hpi. Abbreviations: ih, infection hyphae; ha, haustorium; hmc, haustorial mother cell; sh, sporogenous hyphae; sp, urediniospores. Pictures were taken using a ×100 objective and scale bars represent 5 µm.
showed a very strong labeling at the periphery of the basal sporogenous hyphae in uredinia ( Fig. 5I; Supplementary Fig.  S11 ) whereas the newly formed urediniospores remained exempt of any signal. Interestingly, a labeling was also observed at the periphery of haustoria but not in infection hyphae (Fig.  5J ) in the mesophyll, suggesting an accumulation of the protein at the interface between fungal haustoria and infected host cells. For each immunological detection, controls with preimmune serum did not show labeling of rust infected tissue.
DISCUSSION
Sequencing genomes of pathogens provides an invaluable resource for biologists, and successful mining of sequenced genomes is a key to new research avenues. Here, we have used the data from the M. larici-populina genome to analyze, in detail, the 1,184 genes encoding SSP ). In order to identify candidate effectors from these secreted proteins, we designed a multifaceted approach based on gene family annotation, screening for positive selection, expression profiling, and protein immunolocalization in the pathosystem.
Duplessis and colleagues (2011a) described the largest SSPencoding gene family in M. larici-populina as Cys-rich proteins with a conserved gene structure and short amino acid motifs. Annotation of other Cys-rich SSP classes revealed that a total of 228 genes shared this common gene structure as well as YXC and CX 2-3 Y motifs for many of them. We show that these motifs occur at higher frequencies at specific positions in the eight largest Cys-rich classes. Even though blastp or tblastn analyses did not reveal sequence similarities between these classes, the conservation of a particular gene structure, including given amino acid residues at particular positions, suggests that these classes arose from a single ancestor. Some Cys-rich classes harboring YXC motifs were found to be expressed in haustoria and two classes were homologous to HESP from the flax rust fungus, M. lini. Recently, a new class of candidate effectors with a similar motif (Y/F/WXC) was identified in the barley powdery mildew, B. graminis f. sp. hordei, as well as in two cereal rusts, P. graminis f. sp. tritici and Puccinia triticina . The presence of this motif was confirmed in the secretome of P. graminis f. sp. tritici by genome-wide analysis . Consistent with our observation in M. larici-populina, overall sequence identity was low and these proteins had a highly similar exon-intron structure. The in-depth analysis of M. larici-populina Cys-rich SSP classes strengthens previous observations , indicating that YXC motifs are not restricted to the Nterminal region of these proteins, contrary to B. graminis , and that several YXC motifs can be detected. Moreover, other motifs can be present in Cys-rich SSP, such as the CX 2-3 Y motif found in many of the YXC-containing SSP. In the barley powdery mildew, putative effectors containing Y/F/WXC motifs were highly expressed in haustoria, suggesting that such secreted proteins could serve effector functions Spanu et al. 2010) .
In many plant pathogens, secreted proteins show accelerated evolutionary rates, consistent with the model of an "arms race" between the plant immune system and the secreted effectors of these pathogens (Dodds and Rathjen 2010; Terauchi and Yoshida 2010) . Using a comparative genomic approach on EST data, Joly and associates (2010) reported accelerated evolution of genes encoding secreted proteins from four Melampsora spp. Although they identified positively selected genes encoding Cys-rich secreted proteins with no close homologue outside of the genus, their study focused mostly on orthologous genes expressed at the surface of poplar leaves (mostly in urediniospores, germ tubes, appressoria, and uredinia). Most positively selected M. larici-populina SSP-encoding paralogous families identified in the present study were also lineage specific and Cys rich but the majority were expressed in planta, suggesting possible interactions with host factors. Cysrich proteins are common in effectors of fungal pathogens in which disulfide bridges could enhance stability in the plant apoplast (Stergiopoulos and de Wit 2009) . Thus, uncovering such a large content of Cys-rich proteins in the genome of the poplar rust fungus was not surprising and strengthens this general feature . Rather than providing resistance to apoplastic proteases, the presence of disulfide bonds in secreted proteins could be important for their structure and function (Kamoun 2006; Stergiopoulos and de Wit 2009) . In several M. larici-populina SSP families under positive selection, Cys patterns were conserved despite low sequence identity. Although Cys patterns probably form the network of disulfide bridges necessary for the maintenance of the protein structure, variable regions could provide the sequences required for the specific function of the proteins. In such cases, significant changes in amino acid sequences (except at the Cys residues) could occur without altering the overall fold topology, making Cys-rich SSP ideal for performing roles in recognition and specificity (Povolotskaya and Kondrashov 2010; Templeton et al. 1994 ). Thus, a high content in Cys residues could play a disproportionately important role in the evolution of virulence effectors, leading to a very rapid diversification and contributing to the emergence of new virulences.
In this study, 18 of 95 CPG showed robust evidence of diversifying selection, supporting the assumption that paralogous gene expansions often form the substrate for adaptive change. Selection events often result in an increased gene number in the pathogen to promote virulence while, on the other side, the need to evade host recognition by R proteins continues to expand ). In such cases, rapid sequence divergence in newly formed effector paralogs allows the number of effector genes in the pathogen to increase while minimizing the likelihood of host recognition . In most of the small Cys-rich secreted proteins with evidence of positive selection, codons with highly significant  values were concentrated in the C-terminal region, suggesting that this region interacts with host components, and that this interaction drives the diversification of the gene family. In rust and oomycete pathogens, diversifying selection was demonstrated as being confined to the C-terminal region in many effector gene families (Allen et al. 2004; Barrett et al. 2009; Rehmany et al. 2005; Van der Merwe et al. 2009; Win et al. 2007 ). These findings are consistent with the view that effectors are modular proteins, with the N terminus involved in secretion and host translocation and the C-terminal domain dedicated to modulating or interacting with host defenses inside plant cells Win et al. 2007 ).
Many oomycete effectors harbor the bipartite RXLR-EER amino acid motif that is dispensable for exocytosis but required for plant access (Dou et al. 2008; Whisson et al 2007) .
The RXLR motif appears to mediate entry of effectors into host cells independently of any pathogen-derived machinery (Dou et al. 2008) . Some fungal effectors can also enter plant cells in the absence of the pathogen and, although they lack an RXLR domain and do not share obvious conserved peptide motifs, sequences loosely related to the RXLR motif are often found Kale et al. 2010; Manning and Ciuffeti 2005; Rafiqi et al. 2010) . Some positively selected CPG encoding different families of small Cys-rich SSP were shown to possess various N-terminal motifs reminiscent of the RXLR-EER translocation signal, and several of these SSP-encoding genes were specifically expressed in planta. The RXLR motif is overrepresented and positionally constrained in the secretome of Phytophthora and Hyaloperonospora spp. relative to other eukaryotes, which seems to be the result of the RXLR effector reservoir being dominated by a single highly successful and rapidly evolving superfamily Win et al. 2007) . A systematic search to uncover such overrepresented motifs in other eukaryotes has revealed the overrepresentation of LXRR in Puccinia spp.-secreted proteins (E. Kemen and J. D. G. Jones, personal communication) , and our data suggest that this motif is also represented in M. larici-populina candidate effectors.
In several plant-microbe interactions such as Magnaporthe oryzae-rice (Mosquera et al. 2009 ), Ustilago maydis-maize (Kämper et al. 2006) , B. graminis-barley (Spanu et al. 2010) , and Laccaria bicolor-poplar (Martin et al. 2008; Plett et al. 2011) , secretome prediction along with transcript profiling led to the identification of candidate fungal effectors specifically expressed during colonization of plant tissues. Transcript profiling of M. larici-populina during time-course infection of poplar leaves revealed temporal and tissue-specific expression of fungal SSP ). This finding was corroborated in the present study by RT-qPCR for 34 selected SSP. This result highlights the intricate processes of cellular control developed by plant pathogens during host colonization through delivery of signal molecules. Most of the SSP transcripts assessed in the present study showed specific accumulation during or after haustoria formation and several encode homologues of rust effectors such as U. fabae RTP1 (Kemen et al. 2005) and M. lini avirulence factors (Dodds et al. 2004; Ellis et al. 2009 ). Interestingly, several SSP transcripts induced at 96 hpi in planta showed lower expression levels at 168 hpi. These results are consistent with the transcriptional switch observed at the uredinial stage of M. larici-populina between biotrophy-and sporulation-related areas isolated using laser-capture microdissection (Hacquard et al. 2010 ). The panel of tested genes included seven members of CPGH1 and CPG5464 (M. lini AvrP4 homologues) that were not predicted in the automatic annotation of the poplar rust genome and that were not represented on the M. larici-populina custom oligoarray. RT-qPCR profiles obtained with specific primers validated their expression during host infection, and showed distinct expression profiles within the same gene family, as previously shown for homologues of M. lini HESP-417 in M. larici-populina ). Thus, the gene diversity among CPG assessed by positive selection analyses seems to be mirrored in the diversity of expression profiles observed by RTqPCR during infection. Because our study specifically focused on the infection of the telial host (i.e., poplar leaves), it remains to be determined to what extent these SSP-encoding genes might also be expressed during infection of larch needles, the aecial host.
To manipulate host cell functions, many effector proteins target host cell components during plant tissue invasion ). In M. larici-populina, several putative rust effectors immunolocalize at the periphery of haustorial structures during colonization of poplar leaves. For many fungal effectors, translocation inside host cell has been hypothesized because most Avr proteins are recognized by cytoplasmic R proteins Houterman et al. 2009 ). Only a few examples reported direct evidence of effector translocation inside the plant cell (Kemen et al. 2005; Khang et al. 2010; Plett et al. 2011; Rafiqi et al. 2010) or into the plant apoplast ). In rust fungi, immunolocalization of RTP1 from U. fabae and AvrM from M. lini showed effector accumulation in the extrahaustorial matrix but also inside the plant cell, suggesting that haustorial structure might be involved in effector secretion (Kemen et al. 2005; Rafiqi et al. 2010) . Interestingly, accumulation of SSP (Mlp-HESP-327/RTP1, MlpAvrL567, and Mlp-SSP15) was observed at the periphery of M. larici-populina haustorial structure. The absence of labeling inside the host cell does not seem to support protein internalization. Nevertheless, we cannot exclude the possibility that a low quantity of fungal effector could be released inside host cells at undetectable levels by immunodetection (Rafiqi et al. 2010) or that their delivery into host cells is temporally regulated. The candidate effectors Mlp-SSP15 and Mlp-HESP-327/RTP1 displayed localization in different fungal cell types. Such a localization at distinct sites was previously shown for M. lini AvrM, which was detected both at hyphal tips and in haustoria during flax infection (Rafiqi et al. 2010) . In spite of the cytoplasmic and nuclear localization reported for U. fabae RTP1 (Kemen et al. 2005) , the localization of Mlp-HESP-327/RTP1 was restricted to the periphery of haustoria and infection hyphae and was not detected inside plant cells. During flax-flax rust interaction, intracellular recognition between AvrL567 and the cognate resistance genes suggests effector translocation from haustoria toward infected host cell (Dodds et al. 2004 . M. lini AvrL567 uptake in the cytoplasm of plant cells is dependent on an N-terminal region (amino acid position between 26 and 50) that contains an RFYR motif reminiscent of the RXLR motif found in oomycete effectors (Kale et al. 2010; Rafiqi et al. 2010) . M. lini and M. laricipopulina AvrL567 homologues show secondary structure similarities; however, the RFYR motif is not conserved and the 26-to 50-amino acid region shows poor similarity. Beside, MlpAvrL567 displayed a specific localization at the periphery of haustoria and was not detected in the host cytoplasm, consistent with an accumulation in the extrahaustorial matrix. By sequencing Mlp-AvrL567 alleles in 32 poplar rust isolates of known pathotypes, we were not able to detect either extensive polymorphism or any signatures of diversifying selection, contrasting with the positive selection identified in M. lini AvrL567 . The striking differences between M. lini and M. larici-populina AvrL567 homologues might illustrate the specific evolution of the effector arsenal within the Melampsora genus.
The recent analysis of the genome sequence of the poplar leaf rust fungus M. larici-populina paved the way for detailed investigations of gene families related to biotrophic lifestyle and pathogenicity . In this study, we presented a detailed analysis of the 1,184 SSP in M. laricipopulina. Genome-wide patterns of SSP expression and variation helped to describe a large reservoir of candidate effectors in the poplar rust fungus. Hopefully, the genetic transformation system developed for U. fabae (Djulic et al. 2011) should help to validate the function of these candidates in the poplarpoplar rust pathosystem. A better understanding of effectors' evolution will allow the rational design of experiments to assess functions of positively evolving gene families. Globally, effector identification in rust pathogens and their functional characterization should facilitate the comprehension of obligate biotrophy. Information regarding the function of M. laricipopulina effectors, combined with accurate data on the Populus immune system, will be crucial for elucidating mechanisms underlying processes such as virulence and ETI and is likely to lead to new breeding strategies. More rust genomes are currently being sequenced (Broad Institute and Joint Genome Institute), which will clearly enhance our capacity to discern patterns in related effector repertoires.
MATERIALS AND METHODS
Genomic resources.
Genome sequence data of the M. larici-populina 98AG31 (i.e., sequences of assembled scaffolds, sets of predicted genes and deduced protein sequences, and EST) were downloaded from the Joint Genome Institute and additional sequence data (i.e., in planta M. larici-populina EST, basidiomycete genomic data for comparative analyses) were available to the Melampsora Genome Consortium at the MycorWeb website. Comparisons to the P. graminis f. sp. tritici genome sequence and nucleic or proteic datasets were performed through the Puccinia Group database webportal at the Broad Institute.
Sequence analysis.
In silico predictions of secreted proteins were carried out using combinations of SignalP 3.0, TargetP 1.1, and TMHMM 2.0 (Emanuelsson et al. 2007) as previously reported by Duplessis and associates (2011a) , based on different criteria for SignalP-HMM Sprob score, SignalP-NN Smax and D scores, and TargetP signal peptide prediction (Klee and Ellis 2005) , and SSP were selected based on an arbitrary cut-off of 300 amino acids . Similarity searches for full-length sequences and conserved domains were performed using a combination of standard bioinformatics programs and customized Python scripts, the main search program being BLAST (Altschul et al. 1997) . Multiple alignments were conducted using the programs ClustalW (Thompson et al. 1994) and MUSCLE (Edgar 2004 ) and adjusted manually. Sequence alignments were submitted to the WebLogo server to generate graphical consensus displays. Phylogenetic analyses of the AvrP4 family was performed using Bayesian inference and Markov chain Monte Carlo simulations (B/MCMC) implemented in MrBayes version 3.0 (Ronquist and Huelsenbeck 2003) . The models for nucleotide substitutions were selected prior to the MCMC using the likelihood ratio test implemented in the Modeltest 3.7 program (Posada and Crandall 1998) . One cold and seven incrementally heated chains were run for one million generations, with a random starting tree. Trees were sampled every 100 generations, giving 10,000 trees, and the first 10% of the trees (burn-in period set to 1,000) were excluded to compute the majority rule consensus tree of posterior probabilities.
Sequence randomization analysis.
The conservation of the YXC and CX 2-3 Y motifs in each Cys-rich SSP class was assessed by permutating amino acids in SSP using two type of sequence randomization. In a first test, after removal of predicted secretory leader, SSP sequences were randomly shuffled 1,000 times. Positions of YXC and CX 2-3 Y motifs in each class (true SSP class and permutated SSP set) were detected by the FUZZPRO program in the EM-BOSS package. A permutation test was applied to determine whether the observed occurrences of YXC and CX 2-3 Y motifs in the different classes happened by chance. Using the reshuffled sequences with the same amino acid composition as the real proteins, the observed motif frequencies per class were compared with the expected values based on 1,000 interactions. The expected motif occurrences reflecting the null model of motif conservation were used to determine a P value for motif constraint. Based on the conservation profiles, the third and eighth Cys residues with the surrounding peptides always compose the YXC motif (except class II) and the sixth Cys residue composes the CX 2-3 Y motif. To further confirm the importance of the conserved Cys residues, protein sequences of five amino acids upstream and downstream of the motifs were defined as core regions. Therefore, classes I, III, and XXIV have three core regions and class II has two core regions. For example, the conserved Cys position in the YXC motif was always kept at position eight of the core region (X 7 CX 5 ) and the sixth position in the CX 2-3 Y motif core region was always Cys (X 5 CX 7-8 ). Peptides in the core region of each SSP classes were extracted to build the HMM (Eddy 1998 ).
The significance of the Cys and surrounding residues were measured by the aligned HMM score. Peptides in the core region were randomly shuffled 1,000 times whereas the Cys position was fixed, and the frequencies of the HMM scores between the original core peptides and the randomized core peptides were compared.
Positive selection analyses.
M. larici-populina multigene families were generated by Tribe-MCL ) and enlarged using recursive tblastn searches (E value < 1e-6). Using this approach, 536 M. larici-populina genes encoding secreted proteins were grouped into CPG that contained a minimum of three sequences. CPG were manually edited to remove either poorly aligned regions (e.g., large indels) or sequences for which similarity was not found throughout the majority of the coding sequence (i.e., less than 50%). The resulting 95 CPG were then submitted to positive selection analyses using a suite of programs regrouped in a single Python script, as previously described (Joly et al. 2010) .
Plant material and fungal inoculation procedure.
Plant infection experiments were performed using strain 98AG31 (pathotype 3-4-7) of M. larici-populina on Populus trichocarpa × P. deltoides 'Beaupré' leaves (compatible interaction). Urediniospores of M. larici-populina were propagated on detached leaves of susceptible P. deltoides × P. nigra 'Robusta' as previously reported (Rinaldi et al. 2007 ). Germlings were obtained from 1 mg of urediniospores grown on water agar medium (2%) in petri dishes for 3 h at 19  1C. Plant inoculation procedures were performed as previously described using the same inoculum dose of 100,000 urediniospores/ml and strictly identical culture conditions (Rinaldi et al. 2007 ). The samples harvested at different time points were immediately fixed in 4% (wt/vol) paraformaldehyde for microscopy analyses or snap frozen in liquid nitrogen and kept at -80C for further nucleic acid isolation.
RNA isolation.
Isolation of total RNA was performed with the RNeasy Plant Mini kit (Qiagen, Courtaboeuf, France) from 1 mg of resting and germinated spores, and from 100 mg of infected leaf tissues during the compatible interaction (2 to 168 hpi), including a DNase I (Qiagen) treatment, according to the manufacturer's instructions to eliminate traces of genomic DNA. Electrophoretic RNA profiles were assessed with an Experion analyzer using the Experion RNA Standard-sens analysis kit (Bio-Rad, Marnes la Coquette, France).
Expression profiling during time-course infection.
Expression profiling of 34 SSP-encoding genes was monitored by RT-qPCR and using M. larici-populina custom oligoarrays as previously described Hacquard et al. 2010 Hacquard et al. , 2011b . For RT-qPCR, specific primers amplifying fragments ranging from 84 to 307 nucleotides were designed with the Primer 3 and Amplify 3X programs. Specific primers for genes encoding protein ID numbers 58459, 70587, 70656, 71404, and 123524 were previously described (Hacquard et al. 2010) . Homology searches against the M. larici-populina and P. trichocarpa genome sequences were performed using the blastn algorithm to verify absence of cross annealing with other M. larici-populina transcripts as well as with host plant transcripts. First-strand cDNA synthesis and PCR amplifications were performed as previously described Hacquard et al. 2010 Hacquard et al. , 2011b . Expression of the M. larici-populina candidate genes was determined using the 2 -Ct calculation and calibrated to the highest level of expression ob-served (Livak and Schmittgen 2001) . M. larici-populina transcript levels were normalized with -tubulin (Mlp-aTUB) and elongation factor (Mlp-ELF1) . Timecourse expression data obtained with M. larici-populina custom oligoarrays are available under the National Center for Biotechnology Information Gene Expression Omnibus accession GSE21624.
Laser-scanning confocal microscopy.
Fungal structures were visualized in infected leaves at 96 and 168 hpi. Leaves were cut and fixed for 3 h at 4C in 4% (wt/vol) paraformaldehyde prepared in phosphate-buffered saline (PBS), pH 7, embedded in 6% agarose (wt/vol), and cut into 15-and 20-m sections using a vibratome VT1000S (Leica, Nanterre, France). Propidium iodide and Uvitex staining were performed on 20-m sections as previously described (Hacquard et al. 2010) . For indirect immunofluorescent localization, peptides were synthesized for Mlp-AvrL567, Mlp-SSP15, Mlp-RTP1sc31, and Mlp-HESP-327/RTP1 and were used as antigen for the generation of antibodies in rabbits according to the manufacturer's procedure (Eurogentec, Seraing, Belgium). The anti-Mlp-AvrL567, anti-Mlp-SSP15, anti-MlpRTP1sc31, and anti-Mlp-HESP-327/RTP1 immunoglobulin G (IgG) fractions as well as preimmune sera were purified and desalted using the MabTrap kit (GE Healthcare, Orsay, France) according to the manufacturer's recommendations. Transversal sections of 15 m from infected leaves of Beaupré poplar were fixed and embedded in agarose as described above. Immunolocalization was performed essentially as previously described (Martin et al. 2008) , with the following modifications. Sections were digested for 10 min in PBS buffer supplemented with 0.1% (wt/vol) cellulase, 0.01% (wt/vol) pectolyase, and 0.1% (wt/vol) bovine serum albumen (BSA). After digestion, sections were washed five times for 5 min each with PBS buffer and then incubated in PBS containing 1% (wt/vol) BSA. The BSA was removed and the sections were incubated overnight at 4C with purified anti-Mlp-AvrL567 IgG, anti-Mlp-SSP15 IgG, anti-Mlp-RTP1sc31 IgG, or anti-Mlp-HESP-327/RTP1 IgG at a final concentration of 0.034, 0.023, 0.022, and 0.022 mg/ml, respectively, in PBS buffer with 1% BSA (wt/vol). Sections were incubated with IgG purified from preimmune sera at the same concentrations for control observation. After five PBS washes, sections were incubated in PBS containing the goat anti-rabbit IgG Alexa fluor 488 conjugate (1:400) used as secondary antibody (Invitrogen, Cergy Pontoise, France). After five more PBS washes, sections were mounted in antifade reagent (Molecular Probes) and observed with a Radiance 2100 AGR3Q-BLD Rainbow microscope (Bio-Rad) using X60 and X100 objectives.
Mlp-AvrL567 polymorphism analysis.
In all, 32 dikaryotic M. larici-populina isolates displaying various combinations of virulences were selected in a collection available at INRA Nancy (Barrès et al. 2006) . DNA was isolated using the DNeasy plant mini kit (Qiagen). AvrL567 alleles were amplified with specific primers (5-ATGAAGATTC ATCTATCATTGAAAGCC and 3-TCACCACTTCTTGGGTT TTGGTA) defined after JGI protein ID number 37347. Amplified fragments were purified with the QIAquick PCR purification kit (Qiagen) and directly sequenced according to GenomeLab Dye terminator cycle sequencing with Quick Start kit (Beckman Coulter, Villepinte, France). For isolates showing allele polymorphism at the AvrL567 locus, amplicons were purified and cloned in pCR 4-TOPO using the TOPO TA cloning kit (Invitrogen). Plasmidic DNA was isolated with the GeneJet plasmid miniprep kit (Fermentas Life Science, St. Rémy Les Chevreuse, France) and AvrL567 alleles were sequenced as mentioned above using pCR 4-TOPO M13 5 and 3 primers.
